Soon after the rediscovery of Gregor Mendel's work about a century ago, maize became the first plant to undergo detailed genetic analysis, resulting in the first evidence of linkage in plants and the first fragmentary genetic map. The great ease of maize genetics stems largely from the vigor of the plant, its numerous morphological types, its abundant seed set from easily separated gametophytic lineages, and the collections of fascinating mutants detected and used by Native American and immigrant farmers over the last several thousand years. For these reasons -and for its role as one of the world's most productive crops, maize remains a model for the genetic analysis of plant biology. As genetics has become the universal tool for biological study in fields as wide-ranging as biochemistry, developmental biology, ecology, evolutionary biology, pathology, physiology and taxonomy, understanding maize has become even more important. In the last decade, comparative genomics has uncovered the many genetic commonalities between plant taxa, demonstrating that model plants like maize will become the foundation species for understanding the shared common biology within any plant lineage, and a site of examination for rarer changes that make each species unique.
In Handbook of Maize, we attempt to capture a significant portion of the great diversity of high quality research in the maize scientific community. Given the history of maize research, it is not surprising that many of these studies have a strong underpinning of genetics and are conducted by scientists who view themselves as maize geneticists. The field has matured to a point, however, where the pursuit of purely genetic questions like recombination or mutation constitutes a significantly smaller portion of the maize genetics portfolio than do investigation into development biology or physiology, for instance. Handbook of Maize covers much of the breadth of research within the Maize community, but cannot possibly capture the entire depth of skill and achievement among this group of researchers. To provide even a minimal sampling of the best work and major achievements in this field would require a much larger opus. Having said this, it should be noted that no other book, monograph series or other publication format has succeeded in capturing the state-of-the-art in maize research in a single resource. With the great renaissance in plant science initiated by the genomics era, and the near-completion of a maize genome reference sequence, now is an apt time to assemble this first comprehensive treatise on the biology of maize.
Preface v vi Preface
Volume I addresses the basics of maize biology, starting with development and covering a great span of study leading to the final applied goal of crop research, namely, understanding and improving economic traits. The first ten chapters focus on the plant and its parts, with an emphasis on genetic mutants that are informative for growth and development. Chapter 1 examines the vegetative meristem and establishment of patterning in the maize plant. Chapter 2 focuses on inflorescence meristems and elaboration of ears and tassels, while Chapter 3 focuses on genes that regulate flowering time. Chapters 4 and 5 examine the male and female gametophytes, respectively. The activity of the haploid gametophytic stage of development is crucial for double fertilization, leading to embryo and endosperm. Next, Chapter 6 looks at patterns of gene expression in the embryo with a discussion of the differences between maize and another important model plant, Arabidopsis thaliana. Chapter 7 concerns development of the kernel including the endosperm, embryo and the maternally derived outer tissue. An enormous number of mutations affecting kernel development has been discovered, thanks, no doubt, to the large and easily observed kernels held together on an ear. Chapter 8 discusses the anatomy and morphology of maize roots, and chapter 9 looks at leaf development and mutants that inform us about patterning in the leaf. Chapter 10 focuses on cell biology, in particular, division, expansion and differentiation of epidermal cells in the leaf.
The following ten chapters examine plant responses to the environment and the utilization of quantitative trait loci in maize improvement. Chapter 11 addresses photobiology in maize, the phytochromes in particular. Chapters 12 through 14 focus on the genetics of the resistance of maize to fungal and bacterial disease, virus infection and insect damage, respectively. Chapters 15-17 examine maize responses to key abiotic stresses, cold, drought and submergence. Chapters 18, 19 and 20 inspect breeding efforts to produce corn that tolerates aluminum or prospers with fewer inputs of phospate and nitrogen. Chapter 21 looks at seed phosphate composition and chemistry while Chapter 22 discusses the regulation of seed starch biosynthesis. Much of the current understanding of the enzymatic steps required for starch synthesis in all plants has been acquired using maize as a model organism. The next five chapters describe the employment of plant breeding to improve corn. Chapters 23 and 24 discuss breeding for yield and heterosis, while Chapter 25 focuses on a specific experiment that demonstrates the long-term effects of breeding. Chapter 26 discusses QTL for a number of important agronomic traits such as lodging and architecture, and Chapter 27 outlines cultural practices and breeding efforts of maize in China. Finally, Chapter 28 describes the diversity of maize in its originating home, Mexico, with implications for how the Mexican landraces can be mined for further improvement of maize.
In its entirety, Volume I of Handbook of Maize describes what we now know, what we will soon know, and where we are headed for a great variety of questions concerning plant form, development, growth and responses to the environment. The last few chapters illustrate how the exceptional genetic diversity and genetic tools available in maize have been and are being used to improve this crop. They also help provide an excellent transition to Volume II, which details the history of maize as a crop and genetic model in the context of the great range of modern genetic tools currently available to the maize research community.
Introduction
The establishment of distinct pools of stem cells, or "meristems" at the shoot and root poles of the immature maize embryo is essential for continued growth and development of the plant. The shoot apical meristem (SAM) is initiated at about 10 days after pollination, depending on genetic background and growth conditions (Randolph, 1936) , and is maintained throughout the life of the plant by stem cell divisions. The SAM is generally defined as the region above the most recently initiated leaf primordium. In maize, the SAM is a domed structure, consisting of about two thousand cells in the embryonic stage (Bommineni et al., 1995) . It is a dynamic structure that produces a new leaf primordium every 1-2 days. This cycle, measured as the time between leaf initiation events, is called the plastochron. The most recently initiated leaf is referred to as plastochron 1, or P1, and the position where the next leaf will form is P zero, or P0. The SAM gradually expands between leaf initiation events and becomes smaller as cells are incorporated into new primordia. Therefore to accurately assess SAM size, it is necessary to measure several samples and take a mean value (Abbe et al., 1951) . The average size of the SAM also increases with each plastochron, as the plant matures, from about 80 µm in diameter in the embryo to around 150 µm as the 12th leaf is being initiated (Ledin, 1954) . SAM size is also dependent on genetic background (Vollbrecht et al., 2000) .
Maize leaves are initiated one at a time, with consecutive leaves being initiated from opposite flanks of the SAM, resulting in an alternating or distichous phyllotaxy . As each leaf is initiated, cells are also set aside to form an associated axillary shoot meristem opposite the midrib of the initiating leaf, and a section of stem, called the internode. Together these three structures make up the basic repeating unit of shoot development, known as the phytomer (Sharman, 1942 ; Poethig et al., 1986) . The maize stem expands little during the first few weeks of growth, and the SAM can be found just above the shoot-root junction (Fig. 1a ) . At around the time of the floral transition the stem internodes expand rapidly and the SAM is elevated, becoming converted to an inflorescence apical At this stage of development the SAM is at the summit of a small region of unexpanded stem, at about 2-3 mm above the root-shoot junction. ( b ) Further dissection and careful removal of most of the leaf primordia reveals the SAM and the most recently initiated leaf primordia, P1 and P2, viewed here in the scanning electron microscope. Scale bar = 100 µm (figure adapted from Jackson and Hake, 1999) . ( c ) A longitudinal section through the SAM, showing the cellular organization of the meristem (L1 layer of SAM is shaded yellow, the P2 "phytomer" in green) AxM = axillary meristem of the P2 phytomer. In the figure, the distribution of cell divisions is marked by dark punctate in situ staining of a cyclin mRNA (figure adapted from Jackson and Hake, 1999) . The SAM zones are also labeled, central zone ( CZ ), peripheral zone ( PZ ) and rib zone ( RZ ). Note the relatively low rate of cell division in the SAM compared to the leaf primordia, except for the region on the right flank of the SAM, which corresponds to the P0 site of leaf initiation opposite the P1 meristem that will generate the tassel. The axillary shoot meristems often remain dormant during seedling development, but in some lines or under certain growth conditions they grow out to form branches, or tillers, that reiterate the pattern of the main shoot axis. The suppression of axillary branches was selected during the domestication of maize from teosinte, and is regulated by the teosinte branched1 and barren inflorescence2 genes (see chapter on Inflorescences, and Hubbard et al., 2002 ; McSteen et al., 2007) . Upon the floral transition, some axillary meristems develop into ear shoots.
The central importance of the SAM in plant development has made it a topic of study for centuries. However it is only recently, and through genetic analysis, that we have started to understand the molecular basis of SAM development. Several genes that regulate its function have been cloned in maize and in other species. It is likely that many of the genes and functions are conserved throughout angiosperm species, though the complexities of gene duplications and redundancy mean that such homologies are not always easy to determine. This chapter focuses on the state of knowledge of the SAM, primarily in maize. For recent reviews on other species, especially Arabidopsis , see Evans and Barton, 1997 , and Fletcher, 2005) .
SAM Organization and Classical Studies
The internal organization of the SAM can be described in several different ways. A simple observation of longitudinal tissue sections reveals a layered pattern of cellular organization, where the cells in the outer, epidermal layer divide within the plane of the layer. This layer of anticlinally dividing cells is referred to as the L1, or tunica layer (Fig. 1c ) . Periclinal divisions are rarely observed in the L1, and usually only at the site of leaf initiation. Underlying the L1 layer, the cells divide in all directions. This inner mass of cells is referred to as the L2, or corpus (Abbe et al., 1951 ; Ledin, 1954) . The SAM organization in maize differs from that of other plants, such as Arabidopsis , where two outer layers of anticlinally dividing cells make up the tunica, resulting in an L1, L2, L3 organization (Evans and Barton, 1997) . The SAM can also be subdivided into radial zones of cellular activity (Steeves and Sussex, 1989) . In the central zone (CZ) at the apex of the SAM, cells divide relatively infrequently and are more highly vacuolate; this zone also contains the semi-permanent stem cells, also known as initials. Below and surrounding the CZ, the peripheral zone contains more actively dividing cells that are soon to be incorporated into leaf primordia. In the lower, central region, the rib zone is another region of actively dividing cells that give rise to the stem tissues (Fig. 1c ) .
Our understanding of the regulation of the shoot apical meristem first came from experimental manipulations. These studies were mostly carried out in other plants, but have recently been performed in maize. If the maize embryonic SAM is bisected with a sharp blade, the remaining half is able reorganize, and a new SAM regenerates within about 6 days in culture (Bommineni et al., 1995) . Similar studies in other plants reveal the SAM's ability to regenerate itself even after the vast majority of the cells are surgically removed (Sussex, 1989) . These experiments reveal the self-organizing properties of the SAM. Maize SAMs with one or 2 associated leaf primordia can also be cultured, and these explants are able to regenerate whole plants (Irish and Nelson, 1988) . Culturing of maize apices from adult plants leads to "re-setting" of the meristem, such that it initiates leaves with juvenile characteristics (Irish and Karlen 1998 ) . These studies indicate that the SAM is not intrinsically programmed, but that it responds to signals from the rest of the plant.
A second class of manipulations used to characterize the SAM and shoot development is clonal analysis, where cells are genetically marked with cell autonomous visible markers such as anthocyanin pigments or albinism (lack of chlorophyll). If a cell in the SAM is marked, all tissues derived from divisions of that cell will carry the marker. Thus, marked sectors in leaves and internodes can be used to trace the fate of a single meristematic cell. Such studies provided evidence for the organization of the shoot into clonally related phytomers (Poethig et al., 1986) . They also indicate that the developmental fate of specific cells or groups of cells in the SAM is not fixed (McDaniel and Poethig, 1988) suggesting that these cells develop according to their position, rather than lineage, and cell-cell communication is likely to be critical for cell specification during shoot development.
In summary, the shoot apical meristem is a compact, highly organized group of cells that serve as a stem cell population to enable leaf, axillary meristem and stem initiation throughout vegetative development. Although the SAM has a predictable cellular organization, in layers and zones, the fates of specific cells in the SAM is not determined, and cells are incorporated into shoot structures stochastically, presumably as a consequence of their position.
genes encode a leucine rich repeat (LRR) receptor kinase, CLV1, an LRR receptor like protein, CLV2 and their predicted ligand, CLV3, whereas WUS encodes a homeodomain transcription factor (Clark et al., 1997 ; Fletcher et al., 1999 ; Jeong et al., 1999 ; Mayer et al., 1998 , reviewed in Williams and Fletcher, 2005) . The second stem cell maintenance pathway involves members of the knox ( knotted1 -related homeobox) transcription factor genes (Kerstetter et al., 1997 ; Long et al., 1996 ; Vollbrecht et al., 2000) , which function in part through regulation of hormone signaling.
Mutants in knox and clv genes have been isolated in maize using forward genetic approaches, as described in the following sections. However the role of WUS orthologs in the maize SAM has not been established. Maize contains two putative WUS orthologs, Zmwus1 and 2 , that have distinct expression patterns (Nardmann and Werr, 2006) . Zmwus1 has the most similar expression to Arabidopsis WUS , which is confined to a small group of cells in the inner region of the SAM, called the organizing center (OC) (Mayer et al., 1998) . ZmWUS1 expression marks cells in an equivalent position in the maize SAM, at least during early embryo development (Fig. 2f , g ) and in spikelet pair meristems. However its expression appears to be transient, as if it perhaps varies during the leaf initiation cycle, and it appears to be weak or absent in the vegetative SAM and in the inflorescence apical meristem (Nardmann and Werr, 2006) . The role of wus genes in maize SAM development awaits further analysis and identification of loss of function mutants.
Several other maize homologs of genes with SAM phenotypes or expression patterns in Arabidopsis have also been studied, and are described in the chapter on Maize Embryogenesis.
Mutants Defective in SAM Initiation and Maintenance
knotted1 ( kn1 ) was originally described as a dominant mutation affecting maize leaf development (Vollbrecht et al., 1991) . However in wild type plants, kn1 is expressed not in leaves, but in the SAM (Fig. 2h , Jackson et al., 1994 ; Smith et al., 1992) . Its identification as a homeobox gene, a member of a class of developmental master regulators first described in Drosophila homeotic genes, suggested the role of kn1 was in SAM specification and/ or maintenance. Indeed, loss of function mutants of kn1 have smaller inflorescence and vegetative meristems (Kerstetter et al., 1997 ; Vollbrecht et al., 2000) . The most severe kn1 loss of function phenotype is a complete loss of all seedling leaves, and the mutants produce only a coleoptile and root, then arrest in their development (Fig. 2a -c ) . Interestingly, the severity of kn1 loss of function phenotypes is strongly modified by genetic background, and maize inbreds that naturally have bigger (taller) meristems suppress the vegetative SAM defects (Vollbrecht et al., 2000) . Nonetheless, the strong loss of function phenotype indicates that kn1 is required for SAM initiation, and/ or maintenance. The specific interpretation depends on whether one believes that the coleoptile (monocots) or cotyledons (dicots) are made by the SAM. This issue is still under debate; in one point of view the SAM forms very early in embryogenesis, and all leaf like structures, including the On the right is a kn1 loss of function mutant seedling of the same age. The seed has germinated with a normal root, but the shoot has made only a coleoptile, and then arrested. ( b ) A histologically cleared normal maize embryo reveals the shoot apical meristem ( SAM ) and surrounding leaf primordia, in ( c ) a kn1 loss of function embryo has a relatively flat structure in place of the SAM (arrow), and the only shoot organ visible is the coleoptile ( co ) (from Vollbrecht et al., 2000) . ( d ) The abphyl1 mutant of maize makes leaves in opposite pairs, in a decussate phyllotaxy (compare to Fig. 1a . Here, the first pair of leaves is fused, but the 2nd, 3rd and 4th leaves are symmetrically arranged in opposite pairs. In ( e ) a scanning electron micrograph of an abph1 mutant shoot apex shows that the leaf primordia are initiated in opposite pairs by the SAM, scale bar = 100 µm (from Jackson and Hake, 1999) . ( f -j ) Maize SAM gene expression patterns revealed by in situ hybridization. ( f ), expression of Zmwus1 transiently marks an organizing center-like group of cells in the embryonic SAM (arrowed); the staining is weak and is represented in purple in the sketch below, ( g ) (from Nardmann and Werr, 2006) . ( h ) Expression of kn1 mRNA in the seedling SAM, and developing stem. Note that the mRNA does not accumulate in the L1 layer, nor in leaf primordia (1, 2) or in the site of initiation of the next leaf, the P0 (arrowed), scale bar = 100 µm. ( i ) Expression of the knox gene roughsheath1 in a stripe of cells at the base of the SAM, arrowed. ( j ) Expression of abphyl1 in the P0 region of the seedling SAM, arrowed. ( h , i , from Jackson et al., 1994 , and j from Giulini et al., 2004) coleoptile, or cotyledons, are its products (Kaplan and Cooke, 1997) . In another view, based on observations in Arabidopsis , the SAM is initiated later, after the cotyledons form, and they are not considered products of the SAM (McConnell and Barton, 1998) . As the coleoptile and cotyledons are equivalent structures in monocots and dicots, respectively, the difference is unlikely to be species specific, but depends on an interpretation of when each structure is determined in relation to the SAM.
kn1 is expressed in a localized pattern throughout the SAM and developing stem, but its expression is excluded from leaves, and even from the position on the flank of the SAM where the next leaf will form, also known as the P0 (Fig. 2h , Jackson et al., 1994 ; Smith et al., 1992) . This expression pattern supports the role of kn1 in SAM maintenance, and suggests that down-regulation of its expression is necessary for leaf initiation. For further discussion of the genes that regulate kn1 downregulation during leaf initiation, see the chapter by Foster and Timmermans.
Remarkably, when the expression patterns of KN1 protein and mRNA were compared, the protein was detected in cells that did not accumulate the corresponding mRNA (Jackson et al., 1994 ; Lucas et al., 1995) . These observations were particularly interesting, because the dominant Kn1 allele acts non cell-autonomously to signal aberrant divisions during knotted leaf development (Hake and Freeling, 1986) . It was later discovered that the KN1 protein is able to traffic cell-to-cell through plasmodesmata (Lucas et al., 1995 ; Kim et al., 2002) , making it the founding member of a growing class of proteins that use this novel mode of intercellular signaling in plants ( Ruiz-Medrano et al., 2004 ; Benitez Alfonso et al., 2007) . Cell-to-cell trafficking of KN1 protein explains the non-cell autonomy of Kn1 mutants (Kim et al., 2002) , and it may also be necessary for the normal function of kn1 in development of the SAM (Kim et al., 2003) .
kn1 related maize homeobox (" knox ") genes are also expressed in specific meristem domains, suggesting they might regulate specific developmental properties of the SAM. For example, the knox3 and roughsheath1 genes are expressed in stripes in the SAM that appear to mark the basal part of each phytomer (Fig 2i , Jackson et al., 1994) . Evidence that this domain may include cells that are determined to become tissues of the stem comes from analysis of loss of function mutants in a rice homolog, OSH15 , which have a dwarf phenotype caused by abnormal stem and vascular development (Sato et al., 1999) . Studies carried out mostly in plants other than maize indicate that knox genes control the SAM through regulation of hormonal signaling by cytokinins and giberellins (Ori et al., 1999 ; Sakamoto et al., 2001 ; Jasinski et al., 2005 ; Yanai et al., 2005 ; Sakamoto et al., 2006) .
Mutants with Enlarged Meristems
Two classes of maize mutants are distinguished by the appearance of a larger SAM. The first class encodes members of the clavata class of genes described earlier.
In maize, mutants in orthologs of clv1 and clv2 have been described. clv3 -like genes are also expressed in the maize SAM, but to date no mutant phenotypes have been reported (Nagasawa et al., unpublished) .
The maize fasciated ear2 ( fea2 ) and thick tassel dwarf1 ( td1 ) genes encode orthologs of clv2 and clv1 , respectively (Taguchi-Shiobara et al., 2001 ; Bommert et al., 2005) . However unlike in Arabidopsis , where the clv mutations cause enlargement of the SAM at all stages of development, mutations in fea2 and td1 result only in enlarged inflorescence meristems, leading to tassels with higher spikelet density and fasciated ears (see chapter on Inflorescences for images). Vegetative development is not affected in fea2 mutants, and td1 mutants have a shorter stature, with fewer leaves, and surprisingly have a smaller vegetative SAM (Lunde and Hake, personal communication). td1 is not expressed in the maize seedling SAM, but in developing leaf primordia (Bommert et al., 2005 ; Nardmann and Werr, 2006) . This pattern is distinct from Arabidopsis clv1 , which is expressed in a specific domain in the central zone of the SAM (reviewed in Williams and Fletcher, 2005) . Clearly more studies are needed to understand the spatial expression and functions of the clv-wus genes in maize, which so far do not appear to fit the canonical model from Arabidopsis (Bommert et al., 2005 ; Nardmann and Werr, 2006) . Another maize mutant with fasciated inflorescences, compact plant2 , also has a semi-dwarf phenotype, and in contrast to td1 mutants these mutants do have a larger vegetative SAM (Peter Bommert and DJ, unpublished) . In this case the larger SAM is correlated with wider leaves in the ct2 mutants.
A second class of mutants with enlarged SAMs exhibit altered phyllotaxy. The first mutant described in this class, abphyl1 ( abph1 ) is recessive, and plants develop with opposite and decussate phylloyaxy ( Fig. 2d , e ; Jackson and Hake, 1999) . The abph1 SAM is about 1/3rd wider than normal in the seedling stage, and the meristems are also larger in the early embryo, before any leaves are initiated. abph1 encodes a cytokinin inducible response regulator, and is thought to act as a negative regulator of cytokinin signaling (Giulini et al., 2004) . Therefore abph1 may regulate phyllotaxy by restricting SAM size through negative regulation of a cytokinin signal. This restriction of SAM size is proposed to regulate phyllotaxy by limiting the available space for leaf initiation. In the embryo, abph1 is expressed throughout the SAM, but later its expression becomes restricted to a small region overlapping with the site of leaf initiation (Fig. 2j ) . This region is also characterized by up-regulation of the auxin polar efflux transporter pinformed1 ( pin1 ), and accumulation of auxin appears to be an instructive signal for leaf initiation (Reinhardt et al., 2000 (Reinhardt et al., , 2003 . Interactions between abph1 and pin1 at the P0 may be important in determining the site of leaf initiation (Lee et al, unpublished) .
A second abphyl mutant, Abph2, also gives rise to plants with opposite and decussate phyllotaxy. Abph2 mutants also have larger shoot meristems. Abph2 , is dominant, and has been mapped to a region of chromosome 7, and map based cloning is in progress (Johnston et al., unpublished) . Another phyllotaxy regulator is revealed by studies of terminal ear1 ( te1 ) mutants. These mutants have abnormal vegetative phyllotaxy and stem internodes, though specific effects on SAM size or organization have not been described in detail (Veit et al., 1998) . te1 encodes a predicted RNA binding protein that is expressed in arcs of cells opposite the leaf initiation sites, suggesting it may function to specify the size or position of leaf primordia.
Other Shoot Meristem Mutants
Several other shootless mutants have been described in maize, but their molecular characterization has not been reported (e.g., Pilu et al., 2002 ; Rivin et al., 1995) .
Like kn1 , the early phase change / aborted shoot 3 / narrow leaf 4 mutant is sensitive to genetic modifiers, producing shoots with only one or to leaves in certain genetic backgrounds, whereas in others they form adult plants but with early flowering and phase change defects (Vega et al., 2002) . A mutant that is affected in epidermal development, Extra cell layers1 ( Xcl1 ) leading to the production of multiple epidermal layers, has a smaller SAM, indicating a possible link between L1 division patterns and SAM maintenance. Supporting this idea, double mutants between Xcl1 and crinkly4 , another mutant that affects epidermal development, are seedling lethal and fail to develop a functional SAM (Kessler et al., 2006) . Interestingly, a number of shootless ( shl ) and shoot organization ( sho ) mutants have also been described in rice (Satoh et al., 2003) . Recently, three of these genes were isolated, and found to encode different components of a plant specific small RNA regulatory pathway, the trans-acting siRNA (ta-siRNA) pathway. These findings suggest that ta-siRNAs regulate SAM initiation (Nagasaki et al., 2007) .
In addition to these examples, a large number of embryo lethal mutants exist in maize (e.g., Clark and Sheridan, 1991) , and some of these are likely to affect specific aspects of SAM development.
SAM Gene Expression
In addition to the insights from molecular genetic studies of specific mutants or of homologs of SAM genes identified in other species, recent efforts have focused on global transcript profiling of the SAM using laser capture microdissection (Ohtsu et al., 2007) . The developmental complexity of the SAM is reflected in the fact that over 5,000 expressed sequenced tags were differentially expressed between the SAM and seedling transcriptomes. The differentially expressed genes included many interesting candidates for developmental regulators, including transcription factors, chromatin remodeling factors and components of the gene-silencing machinery. Many new SAM transcripts were also identified by high throughput "454"-sequencing, giving a near complete view of all SAM expressed genes. These new insights are extremely powerful and will enable future construction of regulatory networks, for example by comparing expression differences in specific mutant lines (e.g., Zhang et al., 2007) .
Concluding Remarks
The last decade has seen a huge advance in our understanding of the molecular basis of shoot apical meristem development. Advances in maize genomics, in particular the ability to positionally clone mutants (Bortiri et al., 2006) , is revolutionizing maize biology, with new insights emerging rapidly. The application of microarray analysis and high throughput transcript sequencing is revealing the landscape of gene expression that exists in the SAM, and the applications of such techniques to specific mutants should allow regulatory networks to be inferred. Clearly much remains to be discovered, but the stage is set and tools are constantly emerging that one day will enable a complete understanding of the intricacies of the elusive shoot apical meristem.
Introduction
The transition from vegetative growth to flowering sets in motion one of the most dramatic developmental processes to occur during the life of a plant. This process in maize is additionally dramatic in that it produces two morphologically distinct inflorescences that bear separate male and female flowers. Many other grasses produce perfect flowers in a single inflorescence, yet the maize inflorescence remains an important and excellent model for the grasses, including other grain crops. The purpose of this review is to highlight some of the features that have made the study of maize inflorescence development productive. These attributes include meristem fates and identities that are unique to grass species, advancing molecular tools and a wealth of informative mutants that affect those meristem activities. Many of the underlying genes are now cloned, providing an emerging molecular framework for the developmental pathways regulating inflorescence architecture. In addition, maize manifests remarkable natural diversity in the tassel and ear among different inbreds. These features, and of course, the economic importance of inflorescence structures and the intense artificial selection that has influenced their morphology, all make the study of inflorescence development in maize an extremely exciting pursuit.
Features of the Mature Inflorescence
Modern maize produces two distinct mature inflorescences commonly referred to as the tassel and ear (Fig. 1a , b ) . The tassel bears staminate flowers and is borne at the apex of the mature plant, whereas the ear bears pistillate flowers. Ears are produced at the apex of a compressed branch originating in the axil of one or more leaves (Fig. 1b ) and terminate all lateral branches, with the exception of branches in the tassel and a few vegetative basal branches called tillers (Kiesselbach, 1949) . One obvious difference in morphology between the two inflorescences is the presence of a variable number of long branches originating at the base of the typical tassel. Ears lack these long branches. To produce flowers, or analogous floral shoots called florets in grasses, both inflorescences first make a pair of short branches called spikelets. The spikelet is the basic unit of grass inflorescence architecture and is characterized by an outer and inner glume (sterile bracts or modified leaves) that together enclose a variable number of florets. In maize, there are two florets (Fig. 1a ) . Each floret includes a floral shoot that originates from the axil of an additional bract called a lemma. The floret consists of a single lemma and palea, two lodicules, three stamens and a central pistil consisting of three fused carpels, surrounding a single ovule. During floral development, subsequent to initiating all floral organ types, the developing pistil aborts in tassel florets, and the developing stamens undergo a similar fate in ear florets. Additionally, the entire lower floret of each ear spikelet aborts, again soon after initiating floral organ primordia (reviewed in Dellaporta and Calderon-Urrea, 1994 ; Irish, 1996) . The end result is a monoecious plant with distinct male and female inflorescences (Fig. 1a , b ) .
One of the intriguing aspects of maize inflorescence development is the wide range of natural variation that exists among different inbred lines, no doubt reflecting the great depth of allelic diversity that has been documented among these inbreds (Liu et al., 2003) . For example, tassel branch number varies from an average of 3 to nearly 20, and the length and angle of tassel branches varies considerably ( http://www.panzea.org ). Similarly, the size and number of ears per plant varies considerably. This natural variation is being exploited to uncover the quantitative trait loci (QTL) underlying a variety of phenotypes (Upadyayula et al., 2006 ; Zhao et al., 2006) and through association mapping to identify statistical associations between traits and genetic markers. Some 5,000 recombinant inbred lines have been generated between a core set of 25 diverse inbred lines and the common elite inbred B73. This resource is generating a wealth of genetic information that will be utilized to understand the genetic control underlying inflorescence diversity and many other traits. Identifying the genes controlling natural variation is of interest to developmental and evolutionary biologists alike. The importance of many of these inflorescence traits to seed yield underlies the intense interest by maize breeders as well. 
Features of the Developing Inflorescenc e
The morphology of a mature structure in an organism is the end product of an array of contributing developmental processes. In plants, many of those core processes reflect the activity of meristems, small groups of undifferentiated, self-regenerating cells (Steeves and Sussex, 1989 ; Weigel and Jurgens, 2002) . Two main meristems, the shoot apical meristem and the root apical meristem, establish the main axes of plant growth. Subsequently secondary meristems, formed in the axils of leaf primordia during both vegetative and reproductive development, may be either quiescent or active. When active, they are directly responsible for the formation of secondary axes of growth. In maize, these include lateral branches called tillers, and several specialized axes producing the tassel and ear. The ear and tassel have distinct morphologies at maturity, yet for much of the early stages of their development they appear remarkably similar. This similarity is due to sharing many common developmental processes, manifest as a shared set and arrangement of meristem types.
Normal maize inflorescence development has been described from a variety of perspectives (Collins, 1919 ; Bonnett, 1940 Bonnett, , 1948 Mangelsdorf, 1945 ; Cutler and Cutler, 1948 ; Kiesselbach, 1949) including electron microscopy (Cheng et al., 1983) . When the plant transitions from vegetative to reproductive development the terminal SAM becomes an inflorescence meristem (IM), committed to the formation of the tassel. The inflorescence meristem starts to produce lateral meristems called branch meristems (BMs), which develop into major branches at the base of the mature tassel (Fig. 2a , b ) . Coincident with their proximity to the vegetative shoot, BMs may be produced in the two-rowed phyllotaxy of the vegetative shoot (Giulini et al., 2004) , or in the multiple rows that characterize the rest of the inflorescence. Regardless, only these first few lateral meristems are indeterminate and committed to form branches; the subsequent ones are initiated in multiple rows and acquire a different identity, that of the spikelet-pair meristem (SPM). Tassel branches form spikelet-pair meristems as well, but in a distichous pattern (Fig. 2b ) . Branch meristems are said to have less determinacy due to their capacity for continued growth of the axis, while spikelet-pair meristems have more determinacy and thus remain short (McSteen et al., 2000 ; Vollbrecht et al., 2005) . Each spikelet-pair Fig. 2 (continued) then converts to another SM. Each SM uniquely initiates two glume primordia (gp, panel c ) followed by a lemma primordium in whose axil the lower floral meristem (Lower FM ) forms ( e ). The upper SM then produces a second lemma and converts into a second FM (Upper FM, panel e ) and the upper floret matures in advance of the lower floret. Each FM initiates one palea, two lodicule (lod), and three stamen primordia and then differentiates into the ovule and surrounding carpel wall or gynoecial ridge ( f ), which becomes the pistil ( h ). The schematics of the mature florets of the tassel ( g ) and ear ( h ) are oriented approximately in parallel to the microscope images in the panels above. Floral organs that degenerate as part of the sex determination program are shown in grey. The upper floret in each spikelet is depicted slightly larger than the lower floret. Lo, lodicules; st, stamens; ps, pistil. Black dots represent relative position of stem (rachilla). White scale bars are 200 µM. b-d ) . In the tassel, the IM first produces a number of branch meristems ( BM ) that like the remainder of the tassel central spike, then recapitulate the developmental sequence indicated below. Each SPM produces a spikelet meristem ( SM ) on its flank and meristem gives rise to a short branch that bears two spikelet meristems (SMs). The SM produces a glume primordium, a distinguishing feature of this particular meristem (Fig. 2c ) , and then forms two floral meristems (Fig. 2d , e ) , the upper and lower floral meristems (UFM and LFM). Each floral meristem subsequently forms the floral organs: a palea, two lodicules, three stamens and one pistil, all subtended by the lemma (Fig. 2e , f ) . Gynoecial development arrests and soon the gynoecium degenerates, resulting in an imperfect, staminate flower (Figs. 1a and 2g ) .
Each ear also originates from a meristem at the tip of a shoot, in this case a lateral shoot in the axil of a leaf (Fig. 1b ) . The lateral SAM becomes an ear IM within a few weeks after the floral transition at the tassel. One notable difference between the ear and tassel is that the ear's IM, while producing multiple rows of spikelet-pair meristems, does not form any basal branches. Spikelet initiation and development follows the same steps as in the tassel until an obvious divergence during floral development. As discussed earlier, in the ear the lower floret aborts as do the stamens of the upper floret, leaving one pistillate flower per spikelet with floral organs that appear less conspicuous then their tassel counterparts (Figs. 1 b and 2h ). In summary, four types of axillary meristems with different identity and fate, branch meristems (BMs), spikelet-pair meristems (SPMs), spikelet meristems (SMs) and floral meristems (FMs), give rise to structures in the maize inflorescence (Cheng et al., 1983 ; Irish, 1997 ; McSteen et al., 2000) .
Significance as a Developmental System
Many classical mutants were described in the first half of the last century that specifically perturb aspects of maize inflorescence development (see Coe et al., 1988) . Some of these altered the program of sex determination, whereas others affected various aspects of inflorescence morphology or some combination of features. The dramatic effect that many of these mutations have on inflorescence development (see examples, Figs. 3 and 4 ) is a consequence of changes in the activity of the various meristems that function during inflorescence development, in the differentiation of organs produced by meristems, or both. Broadly speaking then, these changes may affect basic properties of meristem initiation, size and/or maintenance, meristem identity or determinacy, or aspects of sex determination and floral organ specification (Table 1 ) .
A central quest among maize developmental biologists is to understand mechanisms controlling these processes. How are the sites for new meristem initiation determined? Through what mechanisms are the identities of particular meristems established? What are the genes and gene interactions that dictate the fate of each meristem type? Answering those questions is key to understanding how the architecture of the maize inflorescence is orchestrated, and likely contains clues regarding those genes that were selected during grass evolution and the subsequent domestication of cereal crops. There are some 10,000 grass species, a few of which have been domesticated into our modern cereals. These domestications encompass a wide variety of inflorescence architectures, many of which resemble some of the abnormal phenotypes that accompany maize inflorescence mutants. One can speculate that subtle changes in the timing, levels or location of expression of key regulatory genes could underlie the architectural differences observed in the inflorescences of different grass species (Kellogg, 2000b) . Understanding the genetic and molecular control of these developmental mechanisms in maize may therefore provide valuable insights into the evolution of morphological variation. Tantalizing evidence to this effect has come from the molecular characterization of the ramosa1 gene of maize and the examination of its expression in other grass species (Vollbrecht et al., 2005) where its timing of expression in different species is consistent with the variation in inflorescence branching among those species and the deduced role of this gene from genetic and molecular studies of its action in maize (see below).
Genetic and molecular analyses of maize flower development have already proven fertile ground for examining conservation in the developmental programs for angiosperm floral organ specification. Comparative studies of floral organ 
